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Description 

This invention relates to methods and apparatus for preparing biological suspensions for long term preservation in 
the dry state for later use. These methods avoid deleterious modifications of the biological ultrastructure during the 
s preservation process. More particularly, the present Invention relates to the preservation of microscopic biological 
materials which are found or placed in a suspension prior to treatment 

In Its preferred form, the method of this Invention Includes the steps of preparing a oryosolutlon by treating cell 
materials with a protectant or combination of protectants, cooling, storing under temperature conditions which preclude 
devitrification or recrystsJIizatlon. and drying under controlled temperature, vacuum and condenser conditions. The cell 
10 material can be rehydrated prior to use If desired. 

The desire to preserve biological materials at ambient conditions tor future use has existed for a long time in the 
scientific community. For example, the dry preservation of erythrocytes has been attempted by several groups over the 
last 30 to 40 years. The ability to dry the erythrocytes and reconstitute them at a later date at ambient conditions would 
have far reaching benefits during times of disaster, wars, and In remote locations. K would be a significant advancement 
is in the art to be able to store dried, powdered erythrocytes in a sterile container 6uch that they could be reconstituted by 
simply adding an appropriate buffered solution prior to use. 

Similarly, freeze drying of cultured mammalian cells has been attempted without success. With the advent of bio- 
technology and the identif ication of functionally important cells, e.g. , hepatocytes and pancreatic islets, a method of pro- 
longed storage under ambient conditions would be invaluable. 
20 Many complex macromolecules. either antibodies or recombinant proteins which are to be used therapeutically, 
show reduced activity following freezing or freeze drying. The development of methods to enable prolonged ambient 
storage without significant loss of activity is an important component in their ultimate therapeutic effectiveness. 

Further, the necessity to control or abate viral infections has been a major medical concern for decades. Basically, 
the eradication and/or control of viral Infections involves the production ol a variety of different and highly potent vac- 

QuarrStative and qualitative production of pure and potent viral antigens or Immunogens Is difficult as wel as 
expensive. This is usually due to the fact that many viruses replicate very slowly, if at all. in controlled cell culture envi- 
ronments. If the viru6 of choice seldom repicates in the test tube, then the production of the speciic viral particle 
becomes less favorable and effective, as well as more expensive. Therefore, it is essential that, once vaccine material 

30 is produced, its biological activity be preserved for an extended period of time. 

One feature common to all these examples is that the initial configuration of the sample is a microscopic biological 
material in the form of a suspension or emulsion. Once an effective suspension has been produced, preserving and 
storing this material is of utmost importance. 

The field of cryopreservation and dry stabilization is rapidly developing and advancing. US 4.865,871 , issued Sep- 

35 tember 12, 1969 describes an apparatus and method for the cryopreservation of a biological tissue sample. The 
method comprises treating a biological tissue sample with a cryoprotectant which raises the glass transition tempera- 
ture range of the sample, vitrifying the tissue sample under cryogenic temperature conditions at a specific rate to pre- 
clude the formation of significant resolvable ice crystals, equilibrating the depressurized, vitrified tissue in a sample 
holder, and then dehydrating the tissue sample by molecular distillation by the addition of energy until substantially no 

40 vaporized water can be detected in the atmosphere surrounding the tissue sample. 

The first critical processing step in cryopreservation must be performed in such a way as to satisfy two essential 
criteria. First, the biological material must not undergo irreversible damage due to the multiplicity of changes which 
occur within a sample during cooling. These changes Include mechanical damage due to ice formation, cell-to-cell 
fusion due to the decrease in the solute volume available, and changes in acidity (pH) and salt or solute concentrations 

*s due to the segregation of solute and water. Second, the condition of the sample following cooling must be compatible 
with subsequent drying and reconstltution. This Includes such parameters as sample size, ice forms created, and tine 
nature and final concentration of additives or excipients. 

In satisfying these two criteria, the cryopreservation process represents a balance between the use of cryoprotec- 
tive agents (CPA's) to minimize changes during freezing by chemically increasing the volume of the ice free zone for a 

so given cooling rate, and the cooling rate Itself. Several potential combinations are possible, some of which are summa- 
rized in the following table: 
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Cooling Mode 


Approximate Cooing 
Rate 


final CPA Concentration 


s 


Ultra Rapid 


300.000°C/6ec- 


Zero 




Rapid 


50.000-1 00.000"Gfcec. 


Low 




Intermediate 


500-2,500'C/sec. 




io 


Slow 


1-20 D C/min. 


High 



Inherent in most processes tor cryopreparation and freezing of biological materials is the concomitant artifact cre- 
ation, sample shrinkage and resultant damage to and modification of sample characteristics. TTiese sample character- 
is istic modifications, whether in the form of artifacts or the like, must be controlled and minimized. Trie acceptable limits 
for sample modification are defined by the arrtictoated end use of Hie cryoprepared material. For example, slow rate 
cooling results in extremely high final concentrations of CPA to which the sample is noosed. TNs results in potential 
deleterious effects at each step of the process. These include toxicity during cooling, incompatibility during drying and 
severe osmotic stresses during rehydration. 

so One of the problems which has been encountered in cryopreservation has been the lack of an effective and efficient 
apparatus and method for rapidly cooling suspensions of biological materials. Gome prior art processes have utilized 
air guns or air brushes to generate micradroplets which are then cooled. However, these devices cause shear stresses 
which damage the cellular material. Additionally, in the prior art processes, the microdroplets were sprayed directly into 
a iquld oryogan. This posed problems in collection of the frozen microdroplets and also had the potential for contami- 

ss nating the sample. Accordingly, there has existed in the art a need for a method and apparatus tor the cryopreparation 
of a suspension of biological materials which was practical, cost effective, and sterile. 

Various processes have been utilized in the past tor drying frozen biological samples. These include freeze drying 
and molecular distillation drying. Examples of apparatus and methods used in molecular distilation drying are disclosed 
in U.S. Patent Nos. 4,510.169, 4,567.847, 4.676,070. 4.799.361. 4.665,871, and 4.964,280. 

30 Thus, it would be an important advancement in the art to provide mettiods and apparatus of cryopreparing and dry 
stabilizing cell samples without overt disruption or destruction of the morphological characteristics of the ultrastructure 
of the sample. Such methods and apparatus should provide for the cryostabilization of microscopic, biological samples 
by dehydrating the samples, in which the water molecules are maintained in a predetermined optimal Ice phase, without 
creating unnecessary artifacts and resultant undesired ultrastructural and morphological damage while the water is 

ss being removed. 

FIG. 1 1s a schematic flow diagram of the method of this invention. 

FIG. 2 is a perspective view of a rapid cryolixation device forming a part of ttiis invention. 

FIG, 3 is a cross-sectional view of a portion of the apparatus illustrated in FIG. 2 generally taken along lines 3-3. 

The present invention relates to methods and apparatus for cryopreserving and drying eels which are generally 

40 prepared in a suspension. As used in this application, suspensions also include emuteions. The methods of this inven- 
tion Include the cryopreparation and dry stabilization of the cells. 

In a preferred embodiment, the cryopreparation is achieved by first preparing a cryosolution of the cells which 
Includes an appropriate buffer, one or more cryoprotectants and/or dry protectants, and a suspension of the cells. The 
cryosolution is then cooled in such a manner to functionally result in the formation of amorphous phase ice and/or cubic 

45 phase ice with or without hexagonal phase ice in the cryosolution without damaging the structure or morphology of the 
cell material. The cryosolution is then dried to remove the various ice phases to a final product with residual water con- 
tent less than 5%, preferably less than 3%. In particular, specifcaly preferred embodiments of the invention are the 
methods as defined In claims 1 and 21 . 

The sample that is to be preserved is pretreated with protective agents, i.e. cryoprotectants and dry stabilizers, and 

so subjected to cooling rates and final temperatures that minimize ice crystal formation. It should be understood that the 
processes ol this invention are adaptable to whatever specific end use is contemplated. For example, in certain situa- 
tions an absolute minimum amount of ultrastructural damage may be tolerated while in other applications the end use 
may not be as sensitive to cell morphology. By the proper selection of cryo protective agents and the use of preselected 
drying parameters, almost any ceils in suspension can be cryoprepared tor a suitable desired end use. 

55 After functionally effective amounts of cryoprotectants and/or dry stabilizers have been added to the sample, the 
sample is cooled to a temperature at which chemical activity is essentially arrested. The cooling is completed in a fash- 
ion such that the crystalline structure of the liquid molecules within the cells cause minimal levels of damage. 

Cooling of the solution is achieved by nebulizing the solution to form discrete droplets, said droplets being less than 



3 



EP 0 475 409 B1 



200jim in diameter. A preferred diameter is in the range 25 to 100 urn The microdroplets are then sprayed onto a rotat- 
ing cryogenic surface which is internally cooled by a cryogenic fluid to a temperature of less than -160°C. The frozen 
microdroplets are mechanically removed from the rotating cylinder by a collector, also cooled by internal cryogen. and 
are placed in a sample collection device for subsequent drying. 

e Drying of the frozen microdroplets Is accomplished by use of a conventional freeze dryer or a molecular distillation 
dryer which is known in the art and is discussed further below. Where conventional freeze drying is uBed, the unique 
aspect of the methods of the Invention relate to the mlcrodroplet configuration and the lack of damage during mlcrodro- 
plet formation using low frequency ultrasound. As freeze drying is currently performed at temperatures above -70°C, 
water within the sample will exist either as hexagonal Ice or In combination with the crvoprotectarrt In the ice free zone 

10 of the sample. The efficiency of drying will be greatly augmented by the mlcrodroplet configuration of the sample. 
Molecular distillation drying is performed under conditions of temperature and pressure that result in the removal of 
crystalline fluids without substantial ultrastructural damage. 

In the context of molecular distillation drying, the drying process associated with the processes of this invention are 
referred to as transitional, phasic drying. This means that water, In the form of Ice crystals, Is removed from the cooled 

is samples during the transition from one ice phase to another. e.g., from cubic to hexagonal. 

Also, it is preferred according to this invention that the dried biological solution is placed in a biologically inert con- 
tainer In a dry Inert gas atmosphere or at low pressure In this fashion, the cells can be cryoprepared, dry stabilized, 
and preserved for biologically extended periods of time. 

The present Invention can be used to preserve many different types of cells. It is anticipated that the method can 

20 be used to preserve materials such as red blood cells, mammalian cultured cells, platelets, leukocytes, sperm, pancre- 
atic islets, and marrow cells. 

Thus, it is an objective of this invention to control and minimize undesirable artifact formations while preserving and 
storing cells. It is essential to emphasize that throughout preservation and storage of the cells, their activity and integrity 
should be maintained. 

25 The methods of this invention represent a cryostabilization breakthrough that permits preserving and storing dried 
cells prepared as a suspension. This invention is cost effective, sate and the samples that are stored maintain their bio- 
logical activity even after extended periods ot storage. The specific desired extended time period will depend on the 
cells being preserved and the intended end use. inexpensive and effective preservation and storage of potent celte is a 
necessity for the field of biotechnology to advance. 

so It ha6 recently been postulated and confirmed that there is a direct correlation between the temperature of a bio- 
logical material sample and the crystalline configuration of the fluid molecules in the sample. The understanding of this 
interrelationship has facilitated the development of the processes of this invention in which the control of the sample 
temperature results In the control of crystalline structure and thus the control of ultrastructural damage. Importantly, the 
crystalline configuration of the fluid molecules has a direct bearing on the damage done to sample morphology and 

as function. 

The present invention provides methods and apparatus for preserving cells through the steps of cryopreparation 
and dry stabilization. 

The methods of the present Invention can best be understood by reference to Figure 1 which schematically Illus- 
trates the steps involved in the methods of the present invention. 

*o in a preferred embodimerrt, the cells to be preserved is first formulated into a cryosclution. The cryosolirSon gener- 
ally contains a suspension of the cells, an appropriate buffer and one or more cryoprotectants and/or dry stabilizers. 
The type and amount of buffer and protectant can be varied and is determined by the particular material being pre- 
served and its Intended end use. Under certain applications, no protectant need be used. Under other applications, var- 
ious concentrations and combinations of protectants and dry stabiizers can be used as discussed further below. 

*s After the cryosolution has been prepared, it must be nebulized before it can be cooled. In the preferred embodi- 
ment, a low wattage, low frequency, ultrasonic nebulizer is used to create the microdroplets. 

In a preferred embodiment, the nebulized cryosolution is directed to a cryogenic surface for rapid cooling. The neb- 
ulized cryosolution should be directed to the surface under conditions such that it does not undergo any substantial, 
slow precooling prior to the rapid cooling event. 

so In a preferred embodiment, a continuously replenished cryogenic surface is utilized to rapidly cool the nebulized 
cryosolution. It comprises a rotating metal cylinder which is internally cooled with a liquid cryogen. 

The frozen cryosolution is removed from the cryogenic surface and placed in a suitable collection device 6uch that 
It can be transferred to a suitable drying apparatus, H Is Important that the frozen cryosolution remain at cryogenic tem- 
peratures during all steps including transportation from the freezing device to the dryer. In addition, it is important that 

55 the cryosolution at no time comes into contact with liquid cryogen which has been introduced into the device to provide 
cooling. The frozen cryosolution in the collection device can either be taken directly to a dryer or stored at cryogenic 
temperatures. 

In a preferred embodiment, drying Is achieved either by conventional freeze drying or by using a molecular dietila- 
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tion dryer. Suitable molecular distillation dryers can be obtained from LileCeil Corporation in The Woodlands, Texas and 
are disclosed in U.S. 4,567,847 and 4,799,361 . 

The preferred cooling apparatus to be utilized in the practice of the present invention is a novel cryofixatiori device 
illustrated in Figures 2 and 3. 

« Referring now to Figures 2 and 3, the rapid cryoflxatlon device Is generally referred to at 10. It comprises a neb- 
ulizer 1 2 positioned within a nebulizer column 1 4. A cryogenic surface 1 6 is positioned at the outlet of nebulizer column 
14 and Is contained within a housing 1 8. A collector 20 Is positioned adjacent cryogenic surface 16 to remove the frozen 
cryosolution and position it within a sample holder 22. Sample holder 22 can be used to transport the frozen cryosolu- 
tlon to a molecular distillation dryer where It Is further processed or to a storage area. 

w Nebulizer 1 2 Is a low wattage (1 .5 to 2.S W). low frequency (25 to 60 kHz), ultrasonic nebulzation device such as 
an ultrasonic atomizing nozzle available from Sonotek. The nebulizer was modified with respect to cryosolution delivery 
to minimize contact of the cryosolution with the nebulizer components. This was achieved by bypassing the normal fluid 
conduit and delivering the cryosolution only to the tip of the nebulizer via a sterilized, disposable conduit 24. In this way, 
exposure of the cryosolution to heating and ultrasonics was minimized. This configuration Is also Important to malntaln- 

75 ing sterility of the cryosolution during processing. Sterility was one of Hie problems encountered in prior art processes 
which used air guns or sprays. Conduit 24 is connected to a suitable container (not shown) which holds the cryosolu- 
tion. 

This particular nebulizer can form microdroplets with diameters in the order of 25 tun to 250 pm. Diameters on the 
order of 25 to 200 jim are appropriate for rapid cooling. MIcrodroplBt diameters In the order of 25 to 100 urn are pra- 
se ferred in order to achieve maximum cooling rates and short drying times. The nebulizer can be adjusted to achieve cry- 
osolution flow rates of 5-10 ml. per minute without significant damage to the cell material. 

Nebulizer 12 Is mounted within nebulizer column 14 by suitable brackets 26. A dry gas 28 at room temperature is 
introduced into the top of column 1 4 through tubing 30. Nebulizer 1 2 is mounted in such a manner that gas 28 can flow 
past nebulizer 12 with laminar flow as indicated by arrows 32. The flow of inert gas 28 ensures that the nebulized sam- 
ss pie does not undergo a slow preceding process prior to rapid cooling on cryogenic surface 1 6. Many different types of 
gases may be utilized such as nitrogen, helium, oxygen, and argon. The flow rate of the gas should be adjusted so as 
to prevent slow precooling but should not be so high as to cause turbulent flow or significant warming of the cryogenic 
surface. 

The cryosolution containing the cell sample is discharged from nozzle 34 of nebulizer 12 as microdroplets 36 which 

so quiddy encounter cryogenic surface 1 6. 

In a preferred embodiment, cryogenic surface 16 comprises a holow cylinder with high thermal conductivity pre- 
senting a rotating mirror finished metal surface. The ttermal capacity of this surface together with internal cryogen is 
such that the nebulized sample can be rapidly cooled without contacting the liquid cryogen. A suitable drive motor 38 
and gear mechanism 40 are used to rotate cryogenic surface 1 6. 

as The rate of rotation is dependent upon the size of the cryogenic surface and the flow rate of the cryosolution. in a 
preferred embodiment, the cryogenic surface has a diameter of about 10 cm (4 inches), a width of about 5 cm (2 
inches), and a length of about 30 cm (12 inches). 

The cylinder of cryogenic surface 16 is internally cooled with a liquid cryogen which is introduced into the cylinder 
through suitable connections. This allows the cryosolution to be cooled without contact with the cryogen which could 

40 cause problems with sterility. Additionally, by using a high thermally conductive metal as the conduit for heat flow 
between the sample and the iqiid cryogen, vapor formation due to healing of 1he liquid cryogen which usually sur- 
rounds and insulates the sample from the thermal sink is avoided. This allows the achievement of much higher cooling 
rates. 

The cylinder of cryogenic surface 1 6 can be formed of materials such that it is a permanent portion of the cryof ix- 
45 ation device or can be designed with a disposable configuration. Suitable materials include copper, aluminum, and 
chromium or diamond coated aluminum. 

Microdroplets 36 which are frozen on cryogenic surface 16 are removed by collector 20 which is formed from an 
autoclavable material such as polyethylene terephthalate. Collector 20 includes a blade 42 for removing the frozen 
microdroplets from the cryogenic surface 1 6. They are then directed into a suitable sample holder 22. In one preferred 
so ernbodimsrrt, sample holder 22 comprises a sample vial 44 and a vial holder 46. In the illustrated embodiment, vial 
holder 46 is designed to hold six sample vials. The sample holder is designed such that it can be removed from cryofix- 
ation device 10 and placed within a molecular distillation dryer for drying of the cryosolution. 

In another preferred embodiment, sample holder 22 comprises a collection bag held in a precooled transfer carrier 
similar to vial holder 46. The bag is fabricated from a suitable material such as polytetrafluoroelhylene (PTFE) having a 
55 15 micron pore size. This allows the sample to be contained within the bag while allowing water vapor to escape during 
drying. Following collection, the bag is sealed to contain the sample through subsequent processing steps. 

In the practice of this invention, it is a fundamental prerequisite that suitable desired biological samples, i.e.. eels, 
be obtained. The particular type of cells is not limiting on the methods of this invention. However, the cryepreservation 
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of the cell suspension is enhanced if the suspension to be processed is fresh. 

Human erythrocytes can be obtained fresh from donors and collected in appropriate anticoagulant containers and 
subjected to separation and washing procedures. Alternatively, erythrocytes can be processed from standard blood 
bank supplies il they are used within 6ix days of collection. 

e The cryopreparatlon of the cell suspension takes place preferably Immediately after K Is received. Cells generally 
undergo significant deterioration during freezing and thawing or following freeze drying by conventional means. Accord- 
ingly, these steps should be avoided prior to processing by the methods described herein. 

The initial steps of cryopreserving the cells include preparing a cryosdution prior to the cooling step. The cryoso- 
lutlon comprises a cell suspension, an appropriate buffer and, optionally, one or more cryoprotectants and/or dry pro- 

10 tectants. 

Samples of cells are most often obtained as a suspension. The exact ingredients of each available suspension is 
not considered to be a component of this Invention. The detailed composition of each suspension will vary from source 
lo source and the specific ingredients may often involve proprietary information. However, in general, cell suspensions 
Include a mixture of a percentage of cells In water, phosphate buffered saline or another compatible solution. If the sdu- 

is tion composition i6 not compatible with the cryopreservation process, the undesired components may be eliminated by 
concentrating the suspension. The cell sample may then be resuspended in a compatible solution. 

In addition to the cell suspension, the cryosolution generally contains an appropriate buffer. This may involve one 
of many different organic buffers which are known to those skilled in this art. The inventors prefer to use an organic 
buffer selected from Tils (2-Amino-2-(hydroxymethyl)-1,3-propanBdiol); MES (2- [N-Morpholino] ethanesulfonks acid]; 

20 Ammedid (2-amin-2 methyl- 1 ,3-propanediol); MOPS (3-[N-Morpholino] propanesulfonic add); and PIPES (Piperazine- 
N-N'-bis p-ethanesulfonic add], and 1,4- Piperazine-diethanesulfonic acid). 

Alternatively, a low salt or physidogical buffer may be more appropriate in certain applications. Low sail buffers 
indude mixtures currently used in blood storage such as (1) LISS - 8 g glycine, 20 ml of 0.15M phosphate buffer pH 6.7 
- 8.4 and 1.8 g sodium chloride made up to 1000 ml pH 6.7; (2) LISP- 16 g glycine, 20 ml of 0.15M phosphate buffer pH 

25 6.7 - 8.4, 1.8 g sodium chloride, 5.0 g glucose, 0.06 g calcium chloride, and 0.1 g adenine made up to 1000 ml pH 6.7; 
(3) Adsol - 0.9% Nad, 0.75% mannitol, 2.2% dextrose, and 0.027% adenine; (4) RBC Buffer - 0.875% dextrose, 0.9% 
NaCI, 0.214% mannitol, 0.008% adenine, 0.255% sodium citrate, 0.029% citric acid, and 0.022% monobasic sodium 
phosphate; or modifications thereof such as (5) Buffer A - 16 mM phosphate buffer, pH 7.4, 5 mM KCi, 4 g/di bsa, and 
ladose 6.9 g/l. and (6) Buffer B - 16 mM phosphate buffer. pH 7.4, 5 mM KCI. and lactose 15 g/l. Physiological buffers 

so indude various phosphate buffered saline solutions. Additional buffers d importance are those containing magnesium 
as a component 

The cryosolution also generally contains a cryoprotectant Cryoprotectants raise the glass transition temperature 
range of the sample, thereby stabilizing the sample in the frozen stale. By raising this range, the sample can be dried 
at a faster rate. The cryoprotectant also permits decreased Ice formation for a given coding rate allowing vitriication of 

as larger samples. With current methods of uRrarapid cooling in the absence of cryoprotectants, vitrification of the sample 
is only achieved to a depth of a few microns. Cubic and hexagonal Ice are then encountered. By appropriately selecting 
the cryoprotedant and the cooing method, apparent vitrification to a depth d several millimeters can be achieved. 

Various cryoprotectants can be used in the present invention. These indude: dimethyl sulfoxide (DMSO), dexfran, 
sucrose, 1,2 propanediol, glycerd, sorbitol, frudose, trehalose, raffinose, hydroxyethyl starch, propylene glycol, 2,3- 

40 butanedfol, polyvinylpyrrolidone (PVP), proline (or other protein stabilizers), human serum albumin, and combinations 
thereof. Suitable cryoprotedanls structure water which reduces the freezing point and/or reduces the rate of cooing 
necessary to achieve the vitreous phase. They also raise the glass transition temperature range of Die vitreous state. 

The cryosdulion may also Include one or more dry protectant compounds. Dry protectants, by detrition, stabilize 
samples in the dry state. Some cryoprotectants also ad as drying protectants. Some compounds possess variable 

45 amounts of each adlvity, e.g., trehalose is predominantly a dry protectant and a weaker cryoprotectant. whereas 
sucrose Is predominantly a cryoprotectant and a weaker dry protectant. For example, trehalose and polyhydraxyl car- 
bohydrates bind to and stabilize macromolecules such as proteins and nucleic adds (e.g. in a virus or vaccine samde) 
when dried, thereby protecting the integrity of the sample. Various dry protectants can be used In the present Invention: 
sucrose, raffinose, trehalose, zinc, proline (or other protein stabilizers), myristic add (a known thermostabilizer of vac- 

bo cines), spermine (a polyanionic compound), and combinations thereof. 

Cryoprotectants, alone or in combination with other cryoprotectants or with additional components (for example, 
dry protectants), have also been found lo be effedive: proline plus sorbitol, trehalose plus zinc chloride, sorbitol plus 
myristic acid, sorbitol plus trehalose, human serum albumin plus trehalose, sucrose plus raffinose, and human serum 
albumin plus sorbitol. 

55 The cryoprotedants can be added to the cell suspension for a period of a few minutes to a few hours before they 
are rapidly cooled. In general, cryopreservation is performed as a continuous sequence of events. 

The inventors have been involved In the development of cryofrxation and ultralow temperature mdecular distillation 
drying as a method for preparing biological samples for eledron microscopic analysis. To validate this approach, they 
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investigated the relationship between the drying characteristics and ice phases present within frozen samples. 

Sample preparation for electron microscopy by purely physical or dry processing techniques has theoretical 
appeal, especially when the ultimate aim is tfie analysis of both ultrastructure and biochemistry. Since the earliest days 
of electron microscopy, several attempts have been made to refine and develop freezing and vacuum drying or the 
e freeze-drylng (FD) process tor cell and tissue samples. 

Despite the conceptual advantages and the progress made, freeze-drying for electron microscopy has yet to 
achieve the status of a routine, broadly applicable technique. Several reasons account for this. First, toe ultrastructural 
preservation is often inferior when compared to conventional chemical, or wet processing techniques or hybrid tech- 
niques such as freeze substitution. Second, there are numerous practical problems with sample manipulation, temper- 
re ature control, vacuum parameters, and end processing protocols. Third, and perhaps most fundamentally, Is a belief 
that drying at temperatures below -123°C is either impossible or impractical. As a result of these practical and theoret- 
ical obstacles, only sporadic Investigation of low temperature freeze-drylng has been reported. 

The basis of this theoretical barrier comes from appEcation of the kinetic gas theory and the predicted sublimation 
rates as expressed by the Knudsen equation: 

is 

•*-«*(s£r 



so where Js = sublimation rate 

N = coefficient of evaporation 

Pa a saturation vapor pressure 

Q = universal gas constant 

T = absolute temperature of the sample 
£5 M = molecular weight of water. 

For theoretically ideal drying conditions, this equation states that *e sublimation rate is directly proportional to the 
saturation vapor pressure of water within the sample and inversely proportional to 1he absolute temperature of the sam- 
ple. Although the temperature of toe sample is clearly definable, saturation vapor pressure is a more complex parame- 
30 ter. 

Prior applications of this equation have used saturation vapor pressures which were theoretically deterrrwied. 
These theoretical vapor pressures, however, include the latent heat of fusion, and hence, are applicable only to hexag- 
onal Ice. Calculations based on these theoretical values have led to conclusions such as "at 150K it would take 3.5 
years until an ice layer of 1 mm thickness Is completely removed by freeze drying. It is therefore unrealistic to attempt 
as freeze drying at temperatures below 1 70K." 

Several phases of ice other than hexagonal, however, can coexist within a sample depending upon the mode of 
cooling. These different phases can be achieved by several methods including: vapor condensation, hyperbaric appli- 
cation, and ullrarapld quench cooling. 

The major phases of ice now recognized are amorphous, cubic, and hexagonal. These ice phases exhibit different 
40 stabilities, which would suggest that the saturation vapor pressures would also be different. II has been determined that 
for vapor condensed water at temperatures where both phases can coexist, the saturation vapor pressure of amor- 
phous ice is one to two logs higher than that of cubic ice. 

Application of these experimentally determined saturation vapor pressures in the Knudsen equation reduces the 
drying time at 150Kfrom 3.5 years to 0.035 years, or 12.7 days, tor 1 mm of amorphous ice. Because quench cooling 
45 techniques of biological samples achieve approximately 5 jim of this phase, the drying time of this component based 
solely on the Knudsen equation, would be of the order of 1 .5 hours. Hence, In terms of practical drying tines, the the- 
oretical barrier to drying at ultralow temperatures can be overcome. 

Drying, however, is not a static, but a rate-dependent process. In addition to saturation vapor pressure of the differ- 
ent ice phases, one must also account lor the rate of transition from one phase to another with increasing temperature. 
so For electron microscopy sample preparation, drying should ideally occur without any such transition or devitrification. 
Information as to the rate of these transitions is limited. K has been found that the amorphous to cubic transition 
occurred as an irreversible process strongly dependent upon temperature in the range of -160°C to -130°C and 
expressed by 

ss t = 2.04 x 10 28 x exp (-0.465T) 

The cubic to hexagonal transition was less temperature-dependent, occurring in the range of -120*0 to -65»C, and 
expressed by 
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t = 2.58 x 10 1Z xexp (-0.126T) 

Interestingly, when the sample temperature was increased at a rate of 5°G/rninute, the amorphous to cubic transition 
occurred as a sudden event near -130°C. 

s Based upon the above data, the transition rale, as wel as the saturation vapor pressure, determine the depth to 
which a particular ice phase can be dried at a specific temperature. For amorphous ice at -160°C, the transition time is 
205 days. Based upon extrapolation of experimentally determhed saturation vapor pressures and the Knudsen equa- 
tion, this would allow drying of 26 microns. At -140°C, transition time is 28 minutes and would allow drying of 0.8 urn 
under Ideal conditions, Below -1 60'C, I.e. , prior to the onset of the transition, one could predict little, If any, translatlonal 

io kinetic energy of the water molecules and hence fttle, If any. drying. 

Based upon these considerations, one can postulate the hypothesis of transitional drying, i.e.. that for a sarrple 
containing muHple phases of Ice. It Is posstxe io dry each phase sequentially during Hs transition. The amount of each 
phase dried will obviously be dependent upon multiple parameters including efficiency of drying apparatus, rate of heat- 
ing, and Impedance of the dry shell. 

is 

Crvooreeervation 

Cryopreservation is the preservation of cell structure and metabolism against injury associated with freezing events 
either withii or around the cell. Natural cryoproteclion can result from adaptive metabolism of the organism, with 

20 changes in cellular structure, composition and metabolic balance giving an enhanced tolerance of freezing. In labora- 
tory experiments when cell viability or ufirastructura are to be preserved following cooling, two methods are available. 
The first is to ultrarapidly cool the sample, resulting in the tissue fluids being vitrified, i.e., absence of ice crystals. The 
second is to incorporate chemical additives to confer a degree of cryoproteclion. The chemicals rage from naturally 
occurring cryoprotectants such as glycerol, proline, sugars, and alcohols to organic solvents such as dlmetrtf sulfoxide 

2s (DMSO) to high molecular weight polymers such as polyvinylpyrrolidone (PVP), dextran and hydroxyethyl starch (HES). 
Vitrification of eels and tissues is limited by the rate at which the sample can be cooled and the insulating proper- 
ties of the tissue itself. Due to physical limitations, one can only achieve vitrification of a thin layer of tissues using state 
of the art techniques This mates the idea of chemical additives for cryoproteclion and manipulating the cooling rate 
very appealing in attempts to cool and store biological samples without causing structural and functional damage. 

so Injury to biological samples due to freezing is subject to f uidamental physical and biological principles, some long 
known, but others only recently being understood. Serious investigations Into the mechanisms of freezing injury in bio- 
logical samples did not begin until the second quarter of this century. These early studies were dominated by the belief 
thai physical damage by ice crystals was the principal cause of freeze injury. The effects of cell dehydration and a cor- 
relation between the concentration of extracellular solutes and cell death has been demonstrated. A "two factor hypoth- 

35 esis tor freezing injury proposed that cell injury was the result of either the concentration of solutes by extracellular ice 
or the formation of intracellular ice which caused mechanical injury. 

The action of glycerol and other small polar compounds has been interpreted as penetrating and exerting colliga- 
tive action within the cells. In the proportion that the coligalive action ol the penetrating compounds maintains water in 
the liquid state at temperatures below 0°C, a increased volume of cellular solution is maintained. This avoids an exces- 

« sive concentration of toxic electrolytes in the nonlrozen cellular solution. A similar influence also takes place in the 
external solution. In this context, colllgative action is referred to as action by a extraneous solute, In lowering the freez- 
ing point of the solution in contact with ice. If enough protective compound is present, tiie salt concentration does not 
rise to a critically damaging level until the temperature becomes so low that the damaging reactions are slow enough 
to be tolerated by the cells. 

45 The nonpenetrating cryoprotectants vary in size from sucrose to large polymeric substances such as PVP, HES 
and dextran. II has been suggested that nonpenetrating substances act by some other means than thai in the coUigative 
mechanism described above. The role of larger molecules is beieved to be derrydrative by osmotic action. When a large 
proportion of water is withdrawn from the cells by means of an osmotic differential, less free water is available for intra- 
cellular ice crystallization which is often identified as a lethal factor. 

so The cooling rate in Ihe presence of cryoprotectlve compounds is a very important factor in freezing injury. Normally, 
slow cooing is better than elevated cooling rates since the latter promotes intracellular ice formation. This occurs 
because there is insufficient time for water to escape from the cells before the contained cell water freezes With slow 
rate cooling, extracellular ice forms first, resulting in dehydration of the cell which, together with the presence of the cry- 
oprotectant. prevents intracellular ice formation. 

55 Penetrating compounds were thought Io act by not allowing an excessive transport of water from the cells too early 
in the freezing process while nonpenetrating compounds have a dehydrative effect on cells along with a colligative 
effect of diluting the solution surrounding the call. Neither of these descriptions, however, tells the whole story. 

When cells were exposed to glycerol or DMSO for very short times, during which presumably little penetration 
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would occur, they still exhibited cryoprotection. Red blood cells exposed to DMSO, glycerol or sucrose lor 30 seconds 
to 2 hours at 0°C demonstrated Hie same degree of cryoprotection. 

Solutes such as HES and PVP are totally nonpenetrating, water withdrawing compounds of merely larger molecu- 
lar weight than nonpenetrating sucrose. The larger molecular weight should render such compounds less osmotically 

s and colllgatively effective, when considered on a weight basis. Yet bi concentrated solutions, the compounds' cotllgaUve 
action has been shown to be far greater than would be expected based on merely a linear relationship to concentration. 

Cryoprotectlva properties result from a multiplicity of actions Including: (1) coating of membranes by polymeric 
compounds so that they are not denatured by the increased salt concentration resulting from freezing, (2) alteration of 
membrane permeability characteristics so that they leak solutes reverslbly to avoid excessive dshydratlon. (3} Increas- 

w Irtg viscosity and thus slowing the speed of transfer of water, (5) preventing denaturation of serum lipoproteins during 
low temperature freezing and drying, (6) diminished activity of several enzyme systems, and (7) membrane protein sta- 
bilization. 

A source of damage to frozen tissue, other than freezing itself, is the osmotic and toxic effects of many of the cry- 
aprotectlve agents. When used In mixtures, some cryoprotectlve compounds may counteract the toxicity of other cryo- 
is protectants, as was demonstrated by the addition of polyethylene glycol (PEG) to a mixture of DMSO and glycerol. The 
inventors have developed a vitrification solution (VS) comprising a mixture of: 



DMSO 


O.SM 


Propylene glycol 


0.5M 


2-3 butanediol 


0.25M 


Proline 


1.0M 




2.5% (w/v) 


PVP 


15% (w/v) (Ave. M.W. « 40,000) 


Dextran 


15% (w/v) (Ave. M.W. * 40,000-70,000) 



The toxicity of the Individual components of this solution were tested. In the above mixture, the toxic effects were 
lower than when the same concentration of any one component was used alone. This resulting solution is nontoxic to 
cell cultures and remains glass Ilka and opticaly clear (i.e., no visible ice crystal Is formed) when plunged into liquid 

35 A modified vitrification solution (VS^ has also been developed which comprises a mixture of: 



DMSO 


O.SM 


Propylene glycol 


O.SM 


2-3 butanediol 


0.25M 


Raffinose 


10% (w/v) 


Trehalose 


6% (w/v) 




6% (w/v) 


PVP 


12% (w/v) (Ave. M.W. - 40,000) 


Dextran 


12% (w/v) (Ave. M.W. m 40,000-70,000) 



Another mod'if ied vitrification solution (VS2) which has been developed comprises a mixture of: 



9 



EP 0 475 409 B1 



DMSO 


0.5M 






2-3 bulanediol 


0.25M 


Raffinose 


2.5% (w/V) 


Sucrose 


12%(w/v) 


PVP 


15% (w/v) (Ave. M.W. » 40,000) 


Daxtran 


15% (w/v) (Ave. M.W. « 40.000-70.000) 



In summary, the (actors affecting the cryoprotectlve nature of compounds are (a) chemical nature, (b) relative lack 
of toxicity, (e) molecular size and penetrating ability, and (d) interaction with other compounds in the mixture. 

The physicochemical effects of cryoprotectarrts are (a) depression of the equilibrium freezing point of substrate and 
cytoplasm on a colligative basis, (b) depression of homogeneous ice nucleation temperature, (c) reduced rate of ice 
crystal growth due to change in the viscosity and thermal drffusivity of the solution, and (d) dehydrative effects on cells 
by osmotic action. 

Cooling Parameters 

For purposes of cryopreparaton of the cell suspensions of this invention, it is essential to note that a variety of cool- 
ing processes can be used. In a preferred embodiment of this Invention, rapid cooling is considered essential to obtain 
the proper ice crystal blend. In the most preferred embodiment of this invention, a vitrification procedure is used which 
results in the formation of a substantial proportion of amorphous water in the cell sample. As wil be disclosed herein- 
after, regardless of the form of cooling that is used, it is beieved that amorphous phase water, cubic ice crystals, and 
hexagonal ice crystals are present in the final product. The method of cooing has a distinct bearing on the Distribution 
of ice crystal types found in tine cooled cryosoluHon. 

Drying Parameters 

The aim of controlled drying of a frozen cell sample by molecular distillation drying is to remove water from tiie sam- 
ple without further mechanical or chemical damage occurring during the drying process. This involves avoiding, by use 
of appropriate drying conditions, two fundamental damaging events. The first is to remove water from ice crystaline 
phases without transition to larger more stable and more destructive crystals. The second is to remove water from solid 
but noncrystalline water or water-solute mixtures without melting or crystallization of these solid phases. This second 
component refers to water present in the amorphous condition, water together with solute In the eutectic or water 
together with a compound which binds and structures water and hence, prevents its crystallization during toe freezing 
process. Hence, vitreous water can be of low energy and stability, as in uftrarapidly-cooled pure water, or high energy 
and stability, as that achieved with cryoprotectlve agents with intermediate rates of cooling. 

Many of the features required of controlled drying to avoid the occurrence of these events are overlapping. The rea- 
son for this is that each form of water will have a particular energy state, whether in a crystal or bound to a cryoprotec- 
live compound, and it is this energy 6tate, rather than its configuration, which determines the requirements for drying. 
Consider for example, (1) a sample of cubic ice achieved by cooling pure water at an intermediate cooliig rate and (2) 
vitrified wafer achieved by mixing water with glycerol to 45% vol :vol and cooling at an intermediate rate. The first sample 
will be crystaline and the aim of drying is to remove water from this state without transition to hexagonal ice. The sec- 
ond sample is an amorphous solid and the aim of drying is to remove water from this phase without melting of the glass 
to a liquid with subsequent boiling. For cubic ice, the onset of its transition is -1 30°C and the rate of transition is temper- 
ature dependent being very slow at -1S0°C and very rapid at -90°C. For 45% glycerol-water, the glass transition tem- 
perature is -1 20°C and represents the onset of melting. The melting process is very slow at -120°C and is temperature 
dependent, becoming very rapid at -OO'C. 

Prior to the onset of the cubic to hexagonal transition or the glass transition of 45 % glycerol-water, the saturation 
vapor pressure of water in these phases is extremely low and drying would occur at extremely 6tow rates. The aim of 
controlled drying, therefore, is to remove water from the cubic toe phase during its transition and in a time less than is 
required for any significant transition to hexagonal ice and from Die 45% glycerol-water phase during its transition to a 
liquid but in less time than is required for any appreciable liquid to form. 

This argument can be applied repetitively to all forms of water present whether it be crystalline in the form of cubic 
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or hexagonal or noncrystalline as amorphous or bound to any molecule, be it cryoprotectant, protein, carbohydrate, or 
lipid. To 8impify this concept, water in a frozen biological sample can be described as having a specific energy level E. 
In a frozen biological sample, there will be water forms of multiple definable energy levels: 
E 1 E Z E 3 --E n 

6 The mode of preparation, the nature of the sample, the use of cryoprotBCtBrrts or other additives, and the cooling rate 
used will determine the relative proportions of these different water forms. Each energy level will determine *e onset 
temperature of its transition or melting and the temperature dependence of the rate of the transition or melt. 

Controlled drying processes must be able to remove each of these different states of water during the transition and 
In less time than Is required to complete the transition, This mode of drying, therefore, requires that several conditions 

to be met. 

First, the sample must be loaded into the dryer without temperature elevation above its lowest transition tempera- 
ture. If elevation of temperature does occur, this must be over a short period of time such that no appreciable transition 
occurs. Ideally, loading occurs under liquid nitrogen at -190°C, well below the lowest discernible transition of -16Q°G for 
pure, ultrarapldly-cooled amorphous water. If, however, the sample Is predominantly cubic Ice or a mixture of water and 

75 cryoprotsctants with a glass transition of the order of -100°C to -130°C, a closed circuit refrigeration system may be suf- 
ficient to enable maintenance of the sample temperature below the onset of transition. 

Once loaded, the sample must be exposed to vacuum and be in direct line of sight of the condenser surfaces. The 
criteria for these are again determined by the nature of the water phases present in the sample. The following objectives 
must be attained. The vacuum within the chamber during the drying of a particular phase must create a partial pressure 

so of water at Iea6t equivalent to or less than the saturation vapor pressure of water in the phase to be removed. This sat- 
uration vapor pressure is dependent on the nature of the water phase ad its temperature. Hence, for pure amorphous 
water in the transition range of -160°C to -130°C the approximate saturation vapor pressures are 6 x 10~ 12 mbar (- 
160-C) and 5 x 1 0" 7 mbar (-1 30°C) , respectively. As the transition times of amorphous to cubic ice in this same temper- 
ature range. -160°C to -ISO'C. vary from 5x10* minutes to 5 minutes, drying will be very slow until temperatures of the 

25 order of -1S0°C to -140'C are reached requiring a vacuum of 5 x 10" 10 to 2 x 10" 8 mbar This represents one extreme. 
For cubic ice. little If any drying will occur below Its onset of transition at - 130°C as its saturation vapor pressure 
will be of the order of one log lower than for amorphous water. In the transition range. -1 30°C to -100°C, the saturation 
vapor pressure of cubic ice is approximately 5 x 1 o a to 9 x 10 s mbar. The transition times of cubic to hexagonal are 
700 minutes and 109 minutes respectively. The saturation vapor pressure, therefore, determines the vacuum require- 
so merits for drying and can be applied to all water phases present It is important to note that the same vacuum criteria 
are not appicable to all phases, but rattier are phase-dependent. 

A second criteria of the vacuum is that Hie mean free path created be in excess ol the distance between the sample 
and the condenser surface. Ideally, this should be a tenfold excess. The condenser surface must be a lower tempera- 
ture than the onset transition temperature of the phase of water being removed from the sample so that the saturation 

as vapor pressure of water condensed on this surface during drying is considerably lower than that of the water phase 
within the sample. Mealy, this should be three orders of magnitude lower. For a sample containing multiple water 
phases, the temperature of the condenser surface must remain below the onset of transition of the least stable ice 
phase remaining to be removed. Idealy, the condenser should also be In line of sight of the sample. 

Once the sample has been loaded and exposed to vacuum and the condenser surfaces, the sample and sample 

40 holder must be heated so as to increase the mobility of water molecules and hence, cause their escape. This is the 
essential and critical component in the drying of a sample containing multiple phases or energy levels of water. The 
temperature of the sample must be accurately known. The control of temperature and the rate of sample heating must 
be accurately controlled. This Is necessary to ensure that the drying of each phase of water in the sample is sequential. 
Hence, for a sample containing multiple phases of water of energy level E,, and E 2 — - E„ where E 1 is the least 

45 stable, then heating must occur at such a rate that E, Is removed prior to its transition to E 2 . E 2 prior to its transition to 
E 3 and so on, This requires mnequilibrlum drying conditions and heating at a continuous rate or by holding at a con- 
stant temperature level such that sublimation occurs as determined by: 

so Js-NPs (gjy 05 



where Js ■ sublimation rate In g cm' 1 sec" 1 
N = coefficient of evaporation 
55 Ps = saturation vapor pressure 

M m molecular weight of water 
Q = universal gas constant 
7" - absolute temperature of the sample. 
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This te consistent with Die transition rate for the particular phase being removed. For example, trie rate of the amor- 
phous to cubic transition is given by: 

E-2.04x10 M xexp(-0.465T) 

6 

Alternatively, if the transition window is T, to T 2 , the sublimation rate and the transition rate will vary with tempera- 
ture during this Interval. Trie rate of heating during this window Ti to T 2 must be such that sublimation occurs through- 
out the dimensions of trie sample before transition at any particular temperature is completed. 

In this way, the aim ol controlled drying Is achieved, I.e. , the sequential removal of each phase of water under con- 
io dftlons appropriate to the properties of each phase without appreciable Ice crystal growth, formation or melting of the 
particular phase. Once dry, the sample must be physically or mechanically isolated from water on the condenser sur- 
face or any other source and stored In a closed container either under vacuum or dry Inert gas. 

In a preferred embodiment, samples are cooled by an appropriate method such that ice crystal formation is below 
the degree that would cause damage to the sample. Once frozen, the sample Is then stored below the transition tem- 
rs perature of the most unstable ice form. For amorphous ice, this is preferentially below -160°C. The sample is then 
loaded into a sample holder, preceded to -196°C and transferred into a molecular distilation dryer. The dryer chamber 
is then closed and sealed for vacuum integrity. To avoid recrystallization, the hydratad sample must remain below the 
transition temperature of the most unstable ice farm throughout all manipulations. 

Once the sample is loaded, high vacuum (1 0" 8 to 1 0' 6 mbar) is generated Inside the chamber. The sample is placed 
20 considerably closer to the condenser surface (LN 2 cooled chamber walls) than tJie mean free path within the chamber. 
The condenser temperature must always be below that of the sample. For an amorphous sample, the condenser is pref- 
erentialy -196'C. 

The sample holder is then heated via a programmable heater microprocessor thermocouple bop Heating pro- 
grams are determined according to the nature of the sample. A typical program for a sample containing amorphous, 
2s cubic and hexagonal ice is 10°C per hour from -1 80°C to -1 50°C, 1 °C per hour from -150°C to -70-C, and 10°C per hour 
from-yo'Cto-taooc. 

Once the sample has reached 20°C, it can be sealed inside an appropriate container within the vacuum chamber 
and unloaded for subsequent storage. In one configuration, the sample is contained within a glass vial and sealed with 
a butylrubbar lyophiization stopper at the end of cycle. More specif ic details of the operation of the molecular distillation 
so dryer are given in U. S. Patent No. 4,865,871 . 

Reconstitution 

The freezing and drying of biological substances impart great physical stress upon the bonding forces which nor- 
35 mally stabiize macromolecular conformation. Contributing to this destabilizing effect is the increase in concentration of 
electrolytes and possible pH changes as the solution freezes. As a consequence, modifications to the sample, including 
the dissolution of membrane structures, the inactivation of certain enzymes, and the denaturation of proteins, may 
result. 

Studies with lactic dehydrogenase have shown that freezing and ttawing cause dissociation of the tetrameric 
to enzyme into subunits which is accompanied by a change in biological activity. The dissociation was found to be depend- 
ent on the ionic strength and pH during freezing. 

Other studies investigating the quaternary structure of (--asparaginase demonstrated that this enzyme dissociated 
from the active tetramer to inactive monomers when freeze-dried. This monomeric state was found to be stabilized by 
reconstitution of the dried enzyme with buffers of high pH and high ionic strength. However, the dissociation was shown 
45 to be completely reversible on reconstitution at neutral pH and low ionic strength. The effect of pH on the other hand 
may Induce changes In the three dhnensional structure resuming in subunits contormatJonaHy restrained from reassoci- 

These studies Indicate the importance of determining optimal pH and Ionic strength conditions of not only the for- 
mulation used in the cryopreservation protocol, but also the reconstitution solution. In this way, maximal sample activity 
so and stability may be obtained. 

Other variables of reconstitution such as vapor phase rehydration or temperature may also be important to the 
retention of activity following freezing and drying. Other workers in the field have demonstrated a marked difference in 
proliferative response to lectins depending on the temperature of rehydration or whether samples were reconstituted by 
vapor phase. Improved responses to lectins were noted when the freeze-dried lymphocytes were rehydrated at dry ice 
55 temperatures and then allowed to warm. This gradual method of reconstitution reduced the osmotic stress induced by 
sudden rehydration. 
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Storaoe Considerations 

Sublimation of water from a frozen sample has been an excellent method for preserving the active components of 
biological material. However, the optimal preservation of activity with long-term stability requires critical control of the 
s drying process and storage condftlons. Folowlng the removal of tree or unbound sample water, the process of second- 
ary drying proceeds in which structurally bound water is removed. Bound water is intimately associated with the main- 
tenance of protein conformation. Thus, the amount of water remafolng In the dried sample, known as the residual 
moisture content, is a significant variable in the drying process, as it affects both the survival and stability of the sample. 
Residual moisture content Is expressed as the "percentage residual moisture" and Is equated to the weight (gm) of 
w residual water per unit weight (gm) of original sample. 

It is generally agreed that biological materials dried by vacuum sublimation of ice show increased stabilization when 
dried to optimum contents of residual moisture. Materials which have been under or overdrled, I.e., to moisture contents 
that are above or below the optimum, will 6how increased deterioration. 

Although tfie optimal residual moisture content will vary depending on the particular dried sample, certain stability 
75 problems can be expected when the levels of moisture are suboptimal. Overdrying a sample, i.e., residual moisture con- 
tents less than 1-2% without using a dry stabiizer, generally results in removal of nearly all structured water allowing 
saturation or blocking of exposed hydrophilic sites of proteins by oxidation. This oxidation causes degradation with a 
corresponding decrease in the biological activity. On the other hand, residual moisture contents of greater than 5% gen- 
erally are indicative of underdrying where sufficient amounts of "freB water" remain in the sample which could contrfcute 
20 to transconformalion of the protein. The resulting rearrangements of the polypeptide chains shift from the typical 
ordered arrangement of the native protein to a more disordered arrangement. These protein perturbations can result in 
poor long-term stability of the dried product. 

Successful long-term storage requires sample drying to optimal levels of residual moisture. Inadequate drying of 
biological samples and its consequences have been shown in the literature. Maximal stability of suspensions of irflu- 
ar enza virus dried by sublimation of water in vacuo occurred at a residual moisture content of approximately 1 .7%. Under 
or over drying to sub-optimal water oontent resulted in the degradation of the virus suggesting that varying amounts of 
free and bound water in a dried sample have an effect upon protein structure and activity. 

To maximize sample stability and satisfy regulatory requirements for the preparation of dried pharmaceuticals or 
reagents, fl is essential that the residual moisture content be determined following sample drying. 
ao Several methods are avalable to measure residual moisture contents; 

1 . Gravimetric (Heating Method) - A known quantity of dried product is heated and the weight loss can be equated 
with water content. 

2. Chemical Assay • This method is based on the reaction between water and free iodine in a mixture of pyridine, 
as sulphur dioxide and methanol. The endpoint is detected coulometrically when free iodine is present. 

HgO + l 8 + S0 2 + ROH + 3RN 2RNHI + RN + HSO4R 

3. Qas Chromatography 

40 

Each of the methods has limitations and therefore, it Is wise to not rely on any single method of moisture determi- 
nation. Rather, multiple methods should be employed to validate the results. 

Once dried to optimal residual moisture contents, the sample Is still considered unstable when removed from the 
vacuum due to its hygroscopic nature and susceptibility to oxidation. Measures must be taken during storage to protect 
45 the sample from atmospheric rehydration and minimize exposure to oxygen. Such protection is essential to the mainte- 
nance of the sample's long-term stability. 

Evidence in the iterature indicates that the gaseous condition under which the samples are sealed, as well as the 
storage temperature, effects the long-term stability of the sample. It has been demonstrated in a study comparing dif- 
ferent gases and storage temperatures, that maximum stability of influenza virus was obtained when samples were 
so stored under helium or hydrogen gas at low temperature (-20°C). Sealing under other gases or vacuum at different stor- 
age temperatures resulted in varying levels of stability. The inventors postulate that those conditions which most effec- 
tively limit oxygen contact with the sample, markedly improve biological activity by reducing oxidation of exposed 
hydrophilic sites at the protein surface. Appropriate storage parameters. I.e., temperature, and sealing under gas or 
vacuum are important to obtain long-term sample stabiity. 

55 



Cryopreservation Is accomplished by a conixnation of cryoprotectant and optimum cooling rate. The aim is to min- 
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imize the concentration of cryoprotectartt required, and therefore its toxicity, and to also minimize the rate of cooing 
required to achieve the appropriate ice phases in the sample. 

Although activity in the development of *e processes of this invention has been primarily directed to the cryop- 
reservation and dry stabilization of cell samples such aE cultured cells and erythrocytes, the process is not so limited. 
6 Some of the cryoprotectants and dry protectants that have been used successfully In the methods of this Invention and 
which allow the retention of biological activity following cooling and drying are described in the following examples: 

EXAMPLE 1 



1. NCTC 929 cells were resuspertded In LISP at 2.5 x 10 s cells/ml. 

2. The eels were then nebulized with an ultrasonic nebulizer (25 kHz nozzle) at 1 .5 watts, 6 mtonln flow rate, result- 
ing in microdroplets having diameters of about 200 pm and cooled to a temperature below -1 60° C, using the device 



3. Approximately 2 ml aliquots of the cell6 (based on initial liquid volume) were collected and placed in glass vials, 
and ware then dried In a molecular distillation dryer. 

4. Following drying, the vials were sealed under vacuum in the dryer and the vacuum was reversed with dry nitro- 
gen gas. 

5. Following storage at 4 g C for 3 days, a vial was opened under ambient conditions and the dry cells were trans- 
ferred into a cell culture rJsh containing 250 \J of a vitrification solution (VS,) comprised of: 



DMSO 


0.5 M 


Propylene glycol 


0.5 M 


2-3 butanediol 


0.25 M 


Raffinose 


10%(w/v) 


Trehalose 


6%(w/v) 




6%(w/v) 


PVP (Av. M.W. - 40,000) 


12% (w/v) 


Dextran (Av. M.W. • 70,000) 


12% (w/v) 



6. The vitrification solution was then diluted In steps at 10 minute intervals by adding normal cell culture medium. 
Each addtion of medium resulted in the vitrification solution being diluted to the following concentrations: 70%, 
50%. 25%, 12.5% and 1.25%. 

« 7. After the final dilution, the culture dsn was transferred to a 37*C, 5% C02 incubator and left undisturbed for 2 
weeks. 

Results: Following full processing, Including nebulization, rapid freezing, molecular distilation drying, and rehydration, 
the cultured cells showed a intact electron microscopic appearance witJi distinct cytoplasm and nucleus and defined 
so cellular organelles. Selected cells showed trypan blue exclusion and fluoresce green with acridiie orange and propid- 
ium iodide. Eleven colonies grew from the rehydrated cells. 



55 Preservation «»nd Storage of Mar 

1. NCTC 929 cells were resuspertded in LISP and 1% glycerol at 2.5x 10 5 ceHsAnl. The cells were then incubated 
at room temperature for 20 minutes, cooled on ice for 20 minutes, spun down in a refrigerated centrifuge (4°C, 5 
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min, 1000 rpm), aspirated to remove the supernatant and resuspended to the original volume in cold (4°C) LISP 
buffer. 

2. The eel suspension was then nebulized with a 25 kHz nozzle set at 1 .5 watts with a flow rate of 6 ml/rnin using 
e the modified Sonotek device descrbed above. 

3. The nebulized mlcrodroplets were frozen In the mlcrodropiet cryof Ixatlon device described In the specification. 

4. The frozen mlcrodroplets were collected and dried In a Vlrtfe bench top freeze dryer which had been modified by 
io placing a -80°C condenser surface near tfie sample, 

5. The dry cells were sealed under vacuum, unloaded from the dryer and stored at 4°C for 3 days. 

6. A dry sample vial was allowed to come to room temperature and half of the sample were rehydrated In 250 |d of 
is each of the following: 

a. 25% dextran (mol. wt 480,000) in 0.2 M Tris-HCI. pH 8.3. 

b. Saturated mannitol in 0.2 M Tris-HCI. pH 8.3. 

so 7. The cells were then diluted 8 fold in 4 steps with NCTC 1 35 medium with 1 0% horse serum and standard tissue 
culture concentrations of penicillin and streptomycin. 

8. Half of each suspension was then plated on a petri diBh while the other half was spun down, resuspended in 
NCTC 135 medium with 10% horse serum, penicillin and streptomycin, and *Bn plated. 

25 

9. Cell growth was evaluated by counting calories 2 weeks later. 

1 0. From the approximately 2.5 x 1 o 5 celte, 1 3 total colonies were generated: 

so a. 1 colony from the sample rehydrated in dextran and then plated; 

b. 4 colonies Iran the sample rehydrated in dextran, rasuspendBd in NCTC 135 medium and then plated; 

c 8 colonies Irom the sample rehydrated in mannitol and then plated; and 

d. no colonies from the last sample which became contaminated during processiig. 

35 EXAMPLE 3 

Preservation and Storage of Mammalian Cultured Cells 

1 . NCTC 929 cells were resuspended in LISP and 1% horse serum at 2.5 x 10 s cells/ml. 

40 

2. The eel suspension was then nebulized with a 25 kHz nozzle set at 1.5 watte with a flow rate of 6 mVmin using 
the modified Sonotek device descrbed above. 

3. The nebulized microdroplets were frozen in the microdroplet cryof ixation device described in the specification. 

45 

4. The frozen microdroplets were collected and dried in a Vlrifc bench top freeze dryer which had been modified by 
placing a -80°C condenser surface near the sample. 

5. The dry cells were sealed under vacuum, unloaded from the dryer and stored at 4°C for 3 days. 

so 

6. A dry sample vial was allowed to come to room temperature and rehydrated in 250 nl of a 1 :1 mixture of 25% 
dextran (M.W. 480.000) and saturated mannitol in 0.2 M Tris-HCI. pH 8.3. 

7. The cells were then diluted 8 fold in 4 steps with NCTC 135 medium with 1 0% horse serum and standard tissue 
55 culture concentrations of penicillin and streptomycin. 

8. Approximately half of the cells were then plated on a petri dish while the other half was spun down, resuspended 
In NCTC 1 35 medium with streptomycin, then plated. 
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9. Cell growth was evaluated by counting colonies 2 weeks later. 

10. From the approximately 2.5 x 10 s cells, 80 total colonies were generated, 40 from each of the suspensions. 
6 EXAMPLE 4 



Fresh human erythrocytes were obtained by venipuncture and collected hi ACO anticoagulant In the ratio of 1 :10 
ro with whole blood. The blood sample was then centrrfuged at 2000 g for 10 minutes and the supernatant removed. 

The packed red cell sample was then diluted to a 5-10% hematocrit using a buffer (Adsof) consisting of 2.2% dex- 
trose, glucose, 0.9% sodium chloride, 0.75% mannltol and 0.027% adenine. 

Once obtained and isolated, the folcwing steps were employed to preserve and store the erythrocyte sample. 

is 1 . The erythrocyte suspension was prepared as three cryo solutions which consisted of the following: 

a. cells added to buffer alone. 

b. cells which were preheated at 22-C with one percent glycerol. Following a 20 minute incubation, the cells 
were cooled to 4°C on ice. When the cells had equlibrated to 4°C, they were centriluged at 4°C for 10 minutes 

20 at 2000 g. The supernatant was Wen removed and the cells resuspended in a 4°C solution consisting of 1% 

daxtran (average MW 40,000-70.000) in buffer, to a final hematocrit of 5-10%. 

c. cells which were treated with a 5% vitrification solution (VS 1 discussed above, Diluted 20:1) composed of 
0.025M dimethylsulfoxide 0.025M propylene glycol, 0.0125M 2-3 butane diol, 0.5% raffinose, 0.3% trehalose, 
0.3% sucrose, 0.6% polyvinylpyrrolidine and 0.6% daxtran. 

25 

2. The cryosolutions were then nebulized at a flow rate of 6 mis per minute using the ultrasonic nebulizer described 
above at 1 .5 - 2.5 watts and 25-60 kHz. 

3. The nebulized cryosdution was rapidly frozen without contact with liquid cryogen using the internally cooled cry- 
so ogenic surface described above. 

4. The frozen sample was then collected and stored at temperatures below -160°C. 

5. The erythrocyte samples were then dried by molecular distillation drying employing Hie methods described In 
3fi U.S. Patent No. 4,865,871. 

6. The erythrocyte samples were stored under vacuum for up to 2 weeks. 

7. The erythrocyte samples were then rehydrated by the addition of either: 

40 

a. Adsol buffer; 
or 

b. 40% daxtran In buffer and serially diluted to 5% daxtran in 6 steps by the addition of buffer. The erythrocyte 
sample was then centrrfuged at 2000 g for 10 minutes and resuspended in buffer. 

45 

8. The erythrocyte samples were then assessed for morphology using phase contrast microscopy. 

9. After storage and assay evaluations, the effectiveness of the various protocols were evaluated with the following 
results: 

50 



Cryosolution: 


Adsol 


Rehydration: 


Adsol 


Morphology: 


90% small cells, 10% ghost i 


Cryosolution: 


Adsol 


Rehydration: 


40% Daxtran 


Morphology: 


100% intermediate cells 


Cryosolution: 


5%VS! 



Rehydration: Adsol 
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Morphology: 20% small cells, 80% ghost cells 

Cryosolution: 5% VS 1 

Rehydration: 40% Dextran 

Morphology: 20% small cells, 30% Intermediate cells, 40% large cells and 10% ghost cells 

Cryosolution: 1% Intracelular glycerol, 1% extracellular Dextran 

Rehydration: Adsol 

Morphology: 50% small cells. 45% Intermediate cells, 5% ghost cells 

Cryosolution: 1% intracelular glycerol, 1% extracellular Dextran 

Rehydration: 40% Dextran 

Morphology: 5% small cells, 95% Intermediate cells 



In order to demonstrate that the methods and apparatus of the Instant Invention do work also for biological materi- 
als other than cells, Example 5 describe preservation and storage of a vaccine. 



EXAMPLE 5 



Preservation and Storage of Oral Polio Vaccine fOPV) 



Oral polio vaccine (OPV) is composed of three serotypes of live but attenuated poliomyelitis virus. It is one of the 
two commonly used vaccines for the prevention and treatment of the crippling disease of poliovirus. Methods for obtain- 
ing and isolating live, attenuated polio virus are known to those skilled in the erf of virology. 

The effectiveness of the methods of the present invention for further biological materials was demonstrated by the 
following experiments: 

1 . A trivalent preparation of oral polio vaccine (OPV) was obtained from the manufacturer and stored at -80°C. 

2. Immediately prior to processing, the preparation was thawed in a 37°C water bath. The preparation was then 
desalted by ultrafiltration using a stirred cell device. 

3. The desalted OPV samples were then resuspended in the following solutions until fully suspended to form a cry- 
osolution and allowed to incubate at room temperature for 30 minutes. 



a. 1M MES buffer alone, pH 8.5 
bilMTrrs buffer alone. pH 8.5 
c. 250mM Trehalose in 1 M Tris buffer. pH 8.5 



4. Following incubation, the cryosolutions were rapidly frozen using the nebulizing device previously described. For 
each of the cryosolutions. 500 {il of nebulized sample was collected into small, (5 cc) freeze drying vials maintained 
at cryogenic temperatures. Butyl rubber lyophilization stoppers were placed in the openings of the vials. 

5. The nebulized samples were then placed into a liquid nitrogen cooled sample holder and loaded Into a molecular 
distillation dryer and dried by molecular distillation drying. 

6. Upon reaching 20°C, the vials were sealed within the dryer under vacuum. 

7. The dried samples were removed from the dryer and stored at room temperature for approximately two weeks 
before being assayed. 

8. At the time of assay, the OPV samples were reconstituted with 500 ul of distilled water by injection through the 
lyophilization stopper. 

9. The OPV samples were assayed for viral titers of each serotype utilizing standard methods. 

1 0. After assay evaluations, the effectiveness with respect to viral activity was assessed in duplicate and expressed 
asTCDgo. 
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Cryoeolution 


Serotype I 


Serotype II 


Serotype III 


MES buffer alone 


4.45 


4.45 


4.45 


Tris buffer alone 


5.41 


4.94 


6.08 


250mM Trehalose in Trie buffer 


4.87 


4.60 


4.59 


Control 


7.02 


6.18 


7.13 



Although the preferred embodiment of the apparatus used In the practice of this Invention has been descrbed here- 
inabove in some detail, it should be appreciated that a variety of embodiments will be readily apparent to a person 
designing cryopreparatlon apparatus tor a specific end use. The description of the apparatus of this Invention Is not 
is intended to be limiting on this invention, but is merely illustrative of the preferred embodiment. 



1 . A method for preserving a suspension of cells, the method comprising the steps: 

20 

(a) preparing a cryosoluSon of a suspension of cells, said cryosolulion comprising a buffer and ceils; 

(b) nebulizing said cryoeolution in a manner to achieve microdroplete having a diameter of less than 200 |im, 
preferably 25 to 100 pm; 

25 

(c) cooling the rricrcdroplets by directing the nebulized cryosotutlon to a cryogenic surface to obtain frozen 
microdropleta, wherein the rate of cooling is to functionally result in the formation of amorphous phase ice 
and/or cubic phase ice with or without hexagonal phase ice in said cryoeolution such that minimal damage is 
done to the biological material; 

so 

(d) removing the frozen microdroplets from the cooling means and transferring it to a drying means; and 

(e) drying said cryosolutlon by drying each phase of the ice during its transition to af inal solution residual mois- 
ture content which is optimal for both storage and rehydration, 

ss wherein the cryoeolution is kept at cryogenic temperatures during steps (c) and (d). 

2. The method of daim 1 , wherein said cryoeolution further comprises a cryoprotectant. 

3. The method of daim 1 or 2, wherein said cryoeolution further comprises a dry stabilizer. 

40 

4. The method of any of the preceding claims, wherein said buffer Is selected from 2-amino-2-(hydroxymethyl)-1 ,3- 
propanediol; 2-[N-morpholino] ethaneeulforic acid; 2-amino-2-methyi-1,3-propanediol; 3-tN-morpholinol pro- 
panesulfonic acid; piperazine-N-N'-bls [2-ethanesulfonic add]; 1,4-piperazme-diethanesulfonic acid, and combina- 
tions thereof. 

45 

5. The method of any of the preceding claims, wherein said buffer is a low salt buffer mixture selected from: 

(1) 8 g glycine, 20 ml of 0.15M phosphate buffer pH 6.7 - 8.4, and 1 .8 g sodium chloride made up to 1000 ml, 
PH6.7; 

so 

(2) 16 g glycine, 20 ml of 0.15M phosphate buffer pH 6.7 - 8.4, 1.8 g sodium chloride, 5.0 g glucose, 0.06 g 
caltium chloride, and 0.1 g adenine made up to 1000 ml, pH 6.7; 

(3) a solution containing 0.9% NaCI, 0.75% mannrtol, 2.2% dextrose, and 0.027% adenine; 

55 

(4) a solution containing 0.875% dextrose, 0.9% NaCI, 0.214% mannrtol, 0.008% adenine, 0.255% sodium cit- 
rate, 0.029% citric acid, and 0.022% monobasic sodium phosphate; 
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(5) 16 mM phosphate buffer. pH 7.4, 5 mM KCl, 4 g/ai BSA, and 6.9 g/l lactose; and 

(6) 16 mM phosphate buffer, pH 7.4, 5 mM KCl, and 15 g/l lactose. 

s 6. Trie method of any of claims 2 to 5, wherein said cryoproteciant is selected from dimethyl sulfoxide. 2.3-butanedlol. 
polyvinylpyrrolidone, propylene glycol, 1 ,2-propartediol, glycerol, fructose, trehalose, raff inose, hydroxyethyl slarch, 
dextran, sucrose, sorbitol, proline, human serum albumin, and combinations thereof. 

7. Trie method of any of claims 2 to 6, wherein said cryoprotectant is selected from: 

w 

(1) a vitrification solution comprising a mixture of 0.SM DMSO, 0.5M propylene glycol, 0.25M 2,3-butanediol, 
1.0M proline, 2.8% raff Inose. 15% PVP (Ave. M.W. * 40.000). and 15% dextran (Ave. M.W. « 40.000-70.000); 

(2) a vitrification solution comprising a mixture of 0.5M DMSO, 0.5M propylene glycol. 0.25M 2.3-butanedlol. 
75 10% raff inose, 6% trehalose, 6% sucrose, 12% PVP (Ave. M.W. » 40.000), and 12% dextran (Ave. M.W. » 

40,000-70.000); and 

(3) a vitrification solution comprising a mixture of 0.5M DMSO, 0.5M propylene glycol. 0.25M 2.3-butanediol, 
2.5% raff inose, 1 2% sucrose, 1 5% PVP (Ave. M.W. « 40,000). and 15% dextran (Ave. M.W. * 40,000-70.000). 

so 

8. The method of any of claims 3 to 7, wherein said dry stabilizer is selected from sucrose, raff inose, trehalose, zinc, 
proline, myrlstjc acid, spermine, and combinations thereof. 

9. The method of any of the preceding claims, wherem said cells are selected from material comprising red blood 
ss cells, mammalian cultured cells, platelets, leukocytes, Factor VIII. sperm, hepatocytee, pancreatic islets, bone mar- 
row cells, a virus, or a vaccine. 

10. The method of any of the preceding claims, wherein the nebulizing step (b) is performed by using an ultrasound 
having 1 .5 to 2.5 W and a frequency of 25 to 60 kHz. 

30 

11. The method of any of the preceding claims, wherein said cooling step (c) comprises spraying said microdroplets 
onto a cryogenic surface, in particular wherein the cryogenic surface is internally cooled by a cryogenic fluid cooling 
Is performed to a temperature of less than -160°C. 

ss 12. The method of any of the preceding claims, wherein said drying 6tep (e) comprises freeze drying. 

13. The method of any of claims 1 toll, wherein said drying step (e) comprises molecular distillation drying. 

14. The method of any of the preceding claims, wherein the drying step (e) of said rapidly cooled cryosolution removes 
40 said amorphous phase ice, cubic phase ice and hexagonal ice, said drying being completed to a final solution 

residual moisture content of less than 5% (w/w). 

15. The method of any of the preceding claims, further comprising Uib step of seeing said dried cryosolution ii a con- 
tainer without substantially increasing the residual water content of said dried cryosolution. 

45 

16. The method of claim 15, wherein said seaing Is performed under low pressure or in the presence of adry inert gas. 

17. The method of any of the preceding claims, further comprising rehydrating the dried cryosolution. 

so 18. A device for carrymg out the method of any of claims 1 to 1 7 and 21 , the device comprising: 

(a) an ultrasonic nebulizer of 1 .5 to 2.5 W and of a frequency of 25 to 60 kHz for creating microdroplets having 
a diameter of less than 200 jim of a cryosolution of a suspension of a microscopic biological material; 

55 (b) an internally cooled cryogenic surface for rapidly cooling the microdroplets and for obtaining frozen micro- 

droplets without contacting the cryosolution with the cryogen; 

(c) a collector for removing the cooled microdroplets from the cryogenic surface; 
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(d) a sample holder for receiving the cooled microdroplets; and 

(e) a dryer. 

e 19. The device of claim 18. wherein the cryogenic surface comprises a rotating cylinder having a mirorflnlsh. 

20. The device of claim 1 8 or 19. wherein the collector comprises a collector having a blade to remove the frozen micro- 
droplets from the cryogenic surface. 

io 21. A method for preserving a suspension of cells, the method comprising the steps: 

(a) preparing a cryosolutlon of a suspension of cells, said cryosolutlon comprising a buffer and cells; 

(b) nebulizing said cryosolutlon In a manner to achieve microdroplets having a diameter of less than 200 pm, 
is preferably 25 to 100 um; 

(c) cooling the microdroplets without contacting the cryosolution with a liquid cryogen to obtain frozen micro- 
droplets, wherein the rate of cooling is to functionally result in the formation of amorphous phase ice and/or 
cubic phase Ice with or without hexagonal phase ice in said cryosolution such thai minimal damage is done to 

so the biological material; 

(d) removing the frozen microdroplets from the cooling means and transferring it to a drying means; and 

(a) drying said cryosolution by heating the solution by 10°C per hour from -ISCC to -150»C. by TC per hour 
25 from -1S0°C to -70°C, and by 10°C per hour from -70°C to 20°C to a final solution residual moisture content 

which is optimal for both storage and rehydration, wherein the cryosolution Is kept at cryogenic temperatures 
during steps (c) and (d). 

PatentansprQche 

30 

1 . Vertahran zum Kbnservieren einer Suspension von Zellen, umfassend folgende Stufen: 

(a) Herstelen einer Kryolosung einer Suspension von Zellen, wobei die KryolOsung einen Puffer und Zelen 
umfaBt; 

as (b) Zerstauben der KryolOsung in der Weise, daft Mikrotropfchen mit einem Durchmesser von weniger als 200 

tixn und vorzugsweise von 25 bis 100 {im entstehen; 

(c) Abkuhlen der Mikrotropfchen durch Zufiihren der zerstaubten KryolOsung auf eine kryogene Oberflache 
unter BikJung von gefrorenen Mikrotropfchen, wobei die AbkOhiungsgeschwindigkBil funktlonell so beschaffen 
ist, daB sie zur BikJung einer amorphen Eisphase und/oder einer kubischen Eispha6e mit Oder ohne eine hexa- 

« gonale Eisphase in der KryolOsung fuhrt. so daB eine minimale Schadigung des biologischen Materials her- 

vorgerufen wird; 

(d) Entfemen der gefrorenen Mikrotropfchen ausder Kuhleinrichtung und Oberfiihren in eine Trocknungsein- 
richtung; und 

(e) Trocknen der KryolOsung durch Trocknen der einzelnen Eisphasen wahrend lires Obergangs auf einen 
« Restfeuchf igkeilsgehatt der endgGltigen LOsung, der sowohl fOr die Lagerung als auch far de Rehydratisierung 

optimal ist, 

wobei die KryolOsung wahrend der Stufen (c) und (d) bei kryogenen Temperaturen gehalten wird. 

2. Verlahren nach Anspruch 1 , wobei die KryolOsung femer ein Kryoschutzmittel enthait. 

so 

3. Verfahren nach Anspruch 1 oder 2, wobei die KryolOsung femer einen trockenen Stabilisalor enthait. 

4. Verlahren nach einem der vorstehenden AnsprOche, wobei der Puffer ausgewahlt wird unter: 2-Amino-2-(hydroxy- 
methyl)-1,3-propandiol; 2-[N-Morpholino]-ethansulfonsaure; 2-Amino-2-me1hyl-1,3-propandiol; 3-[N-Morpholino]- 

55 propansulfonsaure; Pipsrazin-N,N'-bis-[2~ethansulfonsaure] ; 1 ,4-Piperazindiethansulfonsaure und Kombinationen 

5. Verlahren nach einem der vorstehenden AnsprOche. wobei es sich bei dem Puffer um ein Puffergemisch irit gerin- 
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gem Salzgehalt handelt, das ausgewahlt tot urtter : 

(1) 8 g Glycin. 20 ml 0,1 5 M Phosphatpuffer vom pH-Wert 6,7-8,4 und 1.8 g Natriumchlorid, aufgefOllt auf 1000 
ml,pH-Wert6,7; 

s (2) 16 g Glycin, 20 ml 0,15 M Phosphatpuffer vom pH-Wert 6,7-8,4, 1.8 g Nalrlumchlorti. 5.0 g Glucose. 0.06 

g Caldumchlorid und 0,1 g Adenin, aufgefuirt auf 1000 ml, pH-Wert 6,7; 

(3) elne LOsung mJt elnem Gehaft an 0,9% NaCI, 0.75% Mannft. 2,2% Dextrose und 0.027% Adenin; 

(4) eine LOsung mil einem Gehaft an 0,875% Dextrose. 0.9% NaCI, 0,214% Mannit, 0,08% Adenin, 0255% 
Natrlumcltrat. 0.029% Cltranensaure und 0,022% monobaslsches Natriumphosphat; 

70 (5) 16 mM Phosphatpuffer vom pH-Wert 7,4, 5 mM KCI. 4 g/dl BSA und 6.9 g/Llter Lactose; und 

(6) 16 mM Phosphatpuffer vom pH-Werl 7.4. 5 mM KCI und 15 g/Liter Lactose. 

6. Verfahren nach einem der Anspruche 2 bis 5, wobei das Kryoschutzmittel ausgewahlt ist unter: Dimethyisulfoxid, 
2,3-Butandlol, Polyvinylpyrroldon, Propylenglykol, 1.2-Propandlol, Glycerin, Fructose, Trehalose, Rafflnose. 

75 Hydroxy ethytetarke, Dextran, Saccharose. Sorbit, Prolin. hu manes Serumalbumin und Kombinatjonen davon. 

7. Verfahren nach elnem der AnsprOche 2 bis 6. wobei das Kryoschuttmrflal ausgewahlt ist unter: 

(1) eine VltriflkationslOsung mil einem Gehalt an ehiem Gemisch aus 0,5 M DMSO, 0.5 M Propylenglykol, 0.25 
so M 2,3-Butandiol. 1 .0 M Prolin. 2.5% Raffinose, 15% PVP (Molekulargewichtsmittel » 40 000) und 1 5% Dextran 

(Molekulargewichtsmittel « 40 000-70 000); 

(2) eine VitriflkatlonslOsung mil einem Gehalt an eiiem Gemisch aus 0.5 M DMSO. 0.5 M Propylenglykol. 0.25 
M 2.3-Butandiol. 10% Raffinose, 6% Trehalose, 6% Saccharose, 12% PVP (Molekulargewichtsmittel « 40 000) 
und 12% Dextran (Molekulargewichtsmittel « 40 000-70 000); und 

25 (3) eine vltrif ikationalosung mil einem Gehalt an einem Gemisch aus 0,5 M DMSO, 0,5 M Propylengfykol, 0,25 

M 2.3-ButRndrol. 2,5% Raffinose, 12% Saccharose. 15% PVP (Molekulargewichtsmittel * 40 000) und 15% 
Dextran (Molekulargewichtsmittel » 40 000-70 000). 

8. Verfahren nach einem der AnsprOche 3 bis 7. wobBi der trockene Stabilisator ausgewfthft ist unter: Saccharose. 
so Raffinose, Trehalose. Zink. Prolin, Myrtetinsaure, Spermin und Kombinationen davon. 

9. Verfahren nach einem der vorstehenden Anspruche, wobei die Zellen ausgewahlt sind aus einem Material, da6 fol- 
gendes umfaBt rote BlulkOrperchen, gezQchtete S&ugetierzellen. Blutplftttchen, Leukozyten, Faktor VIII, Sperma. 
Hepatozyten, Langerhans-lnseln, Knochenmarkzellen. ein Vims oder eine Vaccine. 

35 

10. Verfahren nach einem der vorstehenden Anspruche, wobei de ZersUubungsstufe (b) unter Einsalz von UHraschall 
mit 1,5 bis 2.5 W und einer Frequenz von 25 bis 60 kHz durchgefuhrt wind. 

11. Verfahren nach einem der vorstehenden Anspruche, wobei die Abkuhlungsstufe (c) das SprChen der Mikrotropf- 
m chen auf eine kryogene Oberfiache umfaBt, wobei insbesondere die kryogene Oberfiadhe intern mit einer kryoge- 

nen Fiasslgkeit gekOhrt wird, wobei eine KOhlung auf eine Temperatur von weniger als -1 60°C vorgenommen wird. 

12. Verfahren nach einem der vorstehenden AnsprOche, wobei die Trocknungsstufe (e) eine Gefriertrocknung umfaBt. 

4S 13. Verfahren nach einem der AnsprOche 1 bis 1 1 , wobei die Trocknungsstufe (e) eine Molekulardestillationstrocknung 
umfaBt. 

14. Verfahren nach einem der vorstehenden AnsprOche, wobei die Trocknungsstufe (e) der rasch gekChllen KryolO- 
sung die amorphe Eisphase, die kubische Eisphase und die hexagonale Eisphase entfernt, wobei die Trocknung 

so bis zu einem Restfeuchtjgkeitsgehall der endgflltigen LOsung von weniger als 5% (GewJGew.) durchgefChrt wird. 

15. Verfahren nach einem der vorstehenden Anspruche. ferner umfassend die Stute des VersctilieBens der getrockne- 
ten Kryolosung in einem Behftlter, ohne daB der Restwassergehall der getrookneten Kryolosung wesentJich erhoht 
wird. 

55 

16. Verfahren nach Anspruch 15, wobei das VerschlieBen unter geringem Druck oder in Gegenwart eines trockenen 
Inertgases durchgefOhrt wird. 
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17. Vertehren nach einem der vorstehenden Anspriiche. lerner umfassend die Rehydratisierung der getrockneten 
Kryolflsung. 

18. Vbrrichtung zur Durchfohrung dee Verfahrens nach einem der AnsprOche 1 bis 17 und 21, wobei die Vonichlung 
6 folgendes umfaBt: 

(a) elna Urfraschall-Zeistfliijungswrlchtung von 1.5 bis 2,5 W und einer Frequenz von 25 bis 60 kHz zur 
Erzeugung von MikrotrOpfchen mit einem Durchmesser von weniger als 200 urn einer KryolOsung einer Sus- 
pension alnes mlkroskoplschen. blologlschan Materials; 
w (b) elne Intern gekuhlte kryogene Obertlache zum raschen Abkflhlen der MikrotrOpfchen und zur Erzlelung von 

gefrorenen MikrotrOpfchen ohne Kbrrtaktieren der KryolOsung mit dem kryogenen Mittel; 
(o) elnen Kollektor zur Errtternung der gekflhlten MikrotrOpfchen von der kryogenen Obertlache; 
(d) einen ProbenhaKer zur Aufnahme der gekuhlten MikrotrOpfchen; und 
(a) elnen Trockner. 

is 

19. Vbrrichtung nach Anspruch 18, wobei die kryogene Oberf lache einen roiierenden Zylinder mit einer hochglanzpo- 
liertsnOberflache umfaBt. 

20. Vorrlchtung nach Anspruch 18 oder 19. wobei der Kollektor einen Kollektor mit einer Klinge zur Entfernung der 
20 gefrorenen MikrotrOpfchen von der kryogenen Oberflache umfaBt. 

21. Verfahren zum Kbnservieran einer Suspension von Zellen, wobei das Verfahren folgende Stufen umfaBt: 

(a) Herstelen einer Kryolflsung einer Suspension von Zellen, wobei die Kryolflsung einen Puffer und Zelen 
25 umfaBt; 

(b) Zerstauben der Kryolflsung In der Weiss, daB MikrotrOpfchen mit einem Durchmesser von weniger als 200 
lim und vorzugsweiee von 25 bis 100 nm entstehen; 

(c) Abkuhlen der MikrotrOpfchen ohne Kbrrtaktieren der Kryolflsung mit einem fliissigen Kryogen urrter Bldung 
von gefrorenen Mkrotrflpfchen. wobei die AbkOhlungsgeschwindigkeit funktionell so beschaffen 1st daB sie 

so zur Bildung einer amorphen Eisphase und/oder einer kubischen Eisphase mit oder ohne eine hexagonale Eis- 

phase in der Kryolflsung fuhrt, so daB elne minimale Schaolgung des biDlogischen Materials fiBrvorgerufen 
wird; 

(d) Entfernen der gefrorenen MikrotrOpfchen aus der KQhleinrichtung und Oberfuhren der MikrotrOpfchen in 
eine Trocknungseinrichtung; und 

as (e) Trocknen der Kryolflsung durch Erwarmen der Lflsung urn 10°C pro Stunde von -1 80°C bis -1 50"C, urn 1 °C 

pro Stunde von -150 bis -70°C und urn 10°C pro Stunde von -70°C bis 20»C bis zu einem Restfeuchtigkeitsge- 
halt der endgultigen Lflsung, der fur die Lagerung und Rehydratisierung optimal ist, wobei die Kryolflsung wah- 
rend der Stufen (c) und (d) bei kryogenen Temperaturen gehalten wird. 



1 . Un precede pour conserver une suspension de cellules, precede comprenant les etapes de : 

(a) preparation d'une cryosolution d'une suspension de cellules, cette cryosolution comprenant un tampon et 
« des cellules ; 

(b) nebuJIsation de cette cryosolution d'une manlere permettant d'obtenir des microgouttelettas de diametra 
inferieur a 200 urn, de preference 25 a 100 urn ; 

(c) refroidissement des microgouttelettes en dirigeant la cryosolution nebulises vers une surface cryogenique 
pour obtenir des microgouttelettes gelees, la vitesse de refroidissement devant fonctionnellementdonner une 

so formation de glace en phase amorphe et/bu de glace en phase cublque avec ou sans glace en phase hexago- 

nale dans ladfte cryosolution de maniere a endommager le moins possble la matiere biobgique, 

(d) elimination des microgouttelettes gelees du moyen de refroidiEsement et transfert vers un mcyen de 
sechage ; et 

(e) sechage de ladite cryosolution en eechant chaque phase de la glace lors de sa transition jusqu'a une 
55 teneur en humidrte residuelle de la solution finale qui soit optimale a la fois pour le stockage et la rehydratation, 

la cryosolution etant maintenue a des temperatures cryogeiiiques pendant les etapes (c) et (d). 

2. Le precede de la revendicatbn 1 , dans lequel la cryosolution comporte en outre un cryoprotecteur. 
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3. Le precede de la revendicalion 1 ou 2, dans lequel la cryoeolution comporte en outre un stabilisant sec. 

4. Le precede de I'une des revendicaltons precedentes, dans lequel le tampon est choisi parmi le 2-amino-2- 
(hydroxymethylKS-propanediol ; l'acide2-[N-morpriolinoiethanesulfenique ; le2-arrino-2-m«hyM,3-propanetiol 
; Paclde3-[N-morphollno]propanesuHonlqije ; la plperazlne-N-N'-bl6[aclde 2-ethanssulfonlque] ; Itoclde 1.4-plp6ra- 
zine-diethanesuffonique, et leurs combinaisons. 

5. le precede de I'une des revendications precedentes, dans lequel le tampon est un melange tampon a faibte salinite 
cholsl parmi : 

(1) 8 g de glycine, 20 ml de tampon phosphate 0.15 M pH 6,7-8.4 et 1 ,8 g de chlorure de sodium completes a 
1000 ml. pH 6.7 ; 

(2) 16 g de glycine, 20 ml de tampon phosphate 0,15 M pH 6,7-8,4. 1 ,8 g de chlorure de sodium, 5,0 g de glu- 
cose, 0,06 g de chlorure de calcium et 0.1 g dadenine completes a 1000 ml. pH 6,7 ; 

(3) une solution conlenant 0.9 %de NaCI, 0,75 % de manntol, 2,2 % de dextrose et 0,027 % dadenine ; 

(4) une solution untenant 0,875 de dextrose. 0,9 % de NaCI, 0,21 4 % de mannitol, 0.008 d adenine, 0,255 % 
de citrate da sodium. 0.029 % dfceide citriqua et 0.022 % de phosphate de sodium monobaskjue : 

(5) 16 mM de tampon phosphate pH 7,4, 5 mM de KCI, 4 g/dl de BSA, et 6.9 g/l de lactose ; et 

(6) 16 mM de tampon phosphate pH 7,4. 5 mM de KCI, at 15 gA de lactose. 

6. Le precede da tone des revendications 2 a 5, dans lequel le cryoprotecteur est choisi parmi : le dimethylsultaxyde. 
le 2,3-butanediol. la polyvinylpyrrolidone, le propyieneglycol. le 1.2-propanediol. le glycerol, le fructose, le treha- 
lose, le raffinose, lliydroxyethylamidon, le dextrane, le sucrose, le sorbitol, la proline I'albumine serique humaine 
et leurs combinaisons. 

7. Le precede de I'une des revendications 2 a 6, dans lequel le cryoprotecteur est choisi parmi : 

(1) une solution de vitrification comprenant un melange de 0,5 M de DMSO, 0,5 M de propyieneglycol, 0,25 M 
da 2.3-butaneolol. 1.0 M de proline, 2,5%de raffinose. 15 %de PVP (P.M. moyen « 40 000) et 15 % de dex- 
trane (P.M. moyen » 40 000-70 000) ; 

(2) une solution de vitrification comprenant un melange de 0,5 M de DMSO, 0.5 M de propyieneglycol. 0,25 M 
de 2.3-butanediol. 10 % de raffinose, 6 % de trehalose, 6 % de sucrose, 12 % de PVP (P.M. moyen » 40 000) 
et 12 % de dextrane (P.M. moyen « 40 000-70 000} ; et 

(3} une solution de vitrification comprenant un melange de 0.5 M de DMSO, 0,5 M de propyieneglycol. 0.25 M 
de 2.3-butanediol. 2,5 % de raffinose, 1 2 % de sucrose, 15 %de PVP (P.M. moyen - 40 000) et 15 % de dex- 
trane (P.M. moyen - 40 000-70 000). 

8. Le precede de I'une des revendications 3 47, dans lequel le stabilisant sec est choisi parmi le sucrose, le raffinose, 
le trehalose, le zinc, la proline, I'ao'de myristique, la spermine et leun> combinaisons. 

9. Le precede de I'une des revendications precedentes, dans lequel lesdftes cellules son! choisies parmi des materes 
comprenant les globules rouges, les cellules cullivees de mammiferes, les plaquettes, les leucocytes, le Facteur 
VIII, le sperme. les hepatocytes, lesTlots pancreatiques, les cellules de moelle osseuse, un virus ou un vaccin. 

10. Le precede de I'une des revendications precedentes, dans lequel let ape (b) de nebulisation est opdree en utilisant 
un urtrason de 1 ,5 a 2.5 W et de frequence 25 a 60 kHz. 

11. Le precede de I'une des revendications precedentes, dans lequel Tetape (c) de refrotiissement comprend la pul- 
verisation des microgouttelettes sur une surface cryogenique, en particulier dans lequel la surface cryogenique est 
refroldle de I'lnterieur par un f luMe cryogenique et le refroidissement est etfectud a une temperature irrferleure a - 
160°C. 

12. Le precede de I'une des revendications precedentes, dans lequel I'etape (e) de sechage comprend une lyophilisa- 
tion. 

13. Le precede selon les revendications 1 a 11, dans lequel I'etape (e) de sechage comprend un sechage par distilla- 
tion moleculaire. 
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1 4. Le procede de lljne dee revendications precedentes, dans lequel I'etape (e) de sdchage de ladrte cryosolution rapi- 
dement refroidie retire ladite glace en phase amorphe, glace en phase cubique et glace hexagonale, ledit sechage 
etant poureulvi jusqu'a une teneur en humicite residuelle de la solution finale infeneure a 5 % (poids/poids). 

e 1 5. Le precede de Tune des revendlcatlons precedentes, comprenant en outre I'etape de fermeture etanche de ladite 
cryosolution sechee dans un recipient sans augmentation substantielle de la teneur residuelle en eau de cette 
cryosolution sechee. 

1 6. Le precede de la revendlcatlon 1 5. dans lequel ladite fermeture etanche est effectuee sous basse presslon ou en 
to presence (fun gaz Inerte sec. 

17. Le precede de I'une des revendlcatlons precedentes, comprenant en outre la rehydratallon de la cryosolution 
sechee. 

is 18. Un dispositif pour mettre en oeuvre le procede de I'une des revenefcations 1 a 17 et 21. dispositif comprenant : 

(a) un nebuliseur a ultrasons de 1 ,5 a 2.5 W at da'un frequence de 25 a 60 kHz pour creer des mterogouttelet- 
tes ayant un diametre interieur a 200 urn d'une cryosolution d'une suspension d'une matiere biologique micros- 

ao (b) une surface cryogenique refroidie de I'interieur pour refroidir rapidement les microgouttelettes et pour obte- 

nir des microgouttelettes gelees sans mise en contact de la cryosolution avec le cryogene ; 

(c) un collecteur pour retirer les micragoutlelettBS rafroidies de la surface cryogenique ; 

(d) un porte-echantilon pour recevoir lee microgouttelettes refroidiea ; et 
(a)unsechoir. 

25 

19. Le dispositif de la revendcaticn 18. dans lequel la surface cryogenique comprend un cylindre lournant de fini 
miroir. 

20. Le dispositif de la revendication 18 ou 1 9, dans lequel le collecteur comprend un colecteur avec une lame pour reti- 
30 rer les microgouttelettes gelees de la surface ayogenique. 

21. Un procede pour conserver une suspension de cellules, procedS comprenant les Stapes de : 

(a) preparation d'une cryosolution d'une suspension de cellules, cette cryosolution comprenant un tampon et 
as des cellules ; 

(b) nebiilsatlon de cette cryosolution d'une maniere permettant d-obtenir des microgouttelettes de diametre 
inferieur a 200 ivn, de preference 25 a 100 |im ; 

(c) relroidissement des microgouttelettes sans mise en contact de la cryosolution avec un cryogene iquide 
pour obtenir des microgouttelettes gelees, la vitesse de refroidfcsemerrt devant lonctionnellementdonner une 

40 formation de glace en phase amorphe et/ou de glace en phase cubique avec ou sans glace en phase hexago- 

nale dans ladite cryosolution de maniere a endommager le moins possble la matiere biologique, 

(d) elimination des microgouttelettes gelees du moyen de refroidi6sement et transfer! vers un moyen de 
sechage ; et 

(e) sechage de ladite cryosolution par chautfage de la solution a 10°C par heure de -180°C a -150°C, a 1°C 
45 par heure de -150°C a -70°C et a 10°C par heure de -70°C a 20°C jusqu'a une teneur en humidite residuelle 

de la solution finale qui soft optimale a la fois pour le stockage et la rehydratation, la cryosolution etant main- 
tenue a des temperatures cryogeniques pendant les etapes (c) et (d). 
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